Embryonic heart rates have the potential to provide great insight into physiological variation and ontogenic status in early development. The availability of a relatively inexpensive and portable piece of equipment, the Buddy digital egg monitor (Vetronic Services, Abbotskerswell, Devon, UK), provides an opportunity to measure embryonic heart rate noninvasively in the field. Here, we demonstrate the application of this equipment in the climatically harsh Australian outback. We characterize variation in embryonic heart rate in the Zebra Finch (Taeniopygia guttata) with respect to a range of abiotic and biotic variables. Heart rate increased throughout embryonic development and was positively correlated with ambient temperature. There was a strong effect of the nest of origin, but no clear effect of laying order or egg size, on embryonic heart rate. Our results demonstrate the sensitivity of embryonic heart rate to environmental conditions and/or natal origin. We review other studies that have used the digital egg monitor, and, in discussing our own results, identify areas of avian biology that could benefit from embryonic heart rate measurements in the future. Keywords: embryonic heart rate, digital egg monitor, Zebra Finch, embryonic development, metabolic rate, temperature
INTRODUCTION
Oviparous embryos show a range of behavioral and physiological responses that enable them to cope with external environmental challenges (Du and Shine 2015) . For example, environmental conditions such as temperature can profoundly affect the rate and trajectory of embryonic development. The most widely used, direct measure of embryonic development is metabolic expenditure (Du et al. 2010b) ; however, this can be difficult to measure in the field. An alternative, due to its strong correlation with oxygen consumption (metabolic expenditure), is embryonic heart rate, which offers a relatively robust and accessible index of embryonic metabolism and developmental rate (Du et al. 2010b) . Invasive (e.g., embryonic blood pressure) and semi-invasive (e.g., electrocardiography, pulse oximetry, and impedance cardiography) methods of measuring oviparous embryonic heart rate are generally risky (due to interfering with the embryo or eggshell) and require expensive equipment that is impractical for use in the field (Lierz et al. 2006) . The Buddy digital egg monitor (Vetronic Services, Abbotskerswell, Devon, UK) provides a relatively new opportunity to measure embryonic heart rate in a nondestructive, affordable, and logistically practical manner. The egg monitor was developed to noninvasively measure the heart rates of oviparous embryos by recording infrared light absorption by embryonic blood (Du et al. 2009 ). This digital egg monitor has already been applied to studies of heart rates of reptilian embryos ) with respect to thermal acclimation (Du et al. 2010b) , thermal fluctuations (Du and Shine 2010) , hatching asynchrony (Spencer 2012 , McGlashan et al. 2015 , clutch size (Aubret et al. 2016a) , and embryo communication (Aubret et al. 2016b ; Table 1 ).
To date, the digital egg monitor appears to have had relatively limited use in studies of avian biology (Table 1) . However, it has been successfully used to evaluate the condition of incubating poultry embryos at different temperatures in the laboratory (Lierz et al. 2006) , and to test the responses of avian embryos to external acoustic stimuli (Colombelli-Négrel et al. 2012 , 2014 , elevated yolk progesterone (Herrington et al. 2015) , and anthropogenic disturbances (Borneman et al. 2014 ; Table 1 ). The digital egg monitor has the potential to be very useful in studies of avian biology and to provide new insights into a range of questions. For example, quantifying variation in embryonic heart rate throughout development could allow the estimation of embryonic development and prediction of hatching time (useful for species for which nest access is difficult); prediction of hatching success or identification of the point of embryo mortality; exploration of how embryonic heart rate and development affect growth and development after hatching; and examination of the extent to which a range of parental effects influence embryonic development and metabolism. Finally, determining the effects of environmental and climatic factors on embryonic heart rate and development may aid our understanding of the ways in which birds are likely to be affected by a changing climate.
Few studies, if any, have fully characterized variation in avian embryonic heart rates across different developmental stages and varied environmental contexts in natural nests (e.g., with fluctuating thermal regimes and different clutch sizes). Yet, understanding how natural and often unpredictable nest environments affect heart rates is likely to have important consequences. For example, Du and Shine (2010) found that lizard embryos (Bassiana duperreyi) artificially incubated at fluctuating temperatures had faster heart rates and faster developmental rates than lizards incubated at constant temperatures. To address questions relating to heart rate variation and its consequences, we first need to establish a baseline understanding of how heart rates of developing avian embryos vary. Furthermore, while the battery-powered and lightweight digital egg monitor is well suited for use in the field, its reliability and limitations in the field have not yet been evaluated.
In gathering a relatively large set of heart rate readings for embryos in a number of nests throughout the duration of the incubation period, we aimed to demonstrate how Du et al. (2010a Du et al. ( , 2010b Du et al. ( , 2013 , Angilletta et al. (2013) , Gao et al. (2014) Sartori et al. (2015b) data collected with the digital egg monitor differed with developmental stage and varying nest and environmental conditions. We also aimed to describe the practicalities of using the digital egg monitor to attain reliable heart rate measures of Zebra Finch (Taeniopygia guttata) embryos in the field. We focused on factors such as the time of day that heart rates were measured, changes in egg temperature during sampling, and the duration of time that eggs were out of the nest. We were thus able to identify the parameters that could have compromised the acquisition of reliable heart rate measures. We describe how different abiotic and biotic factors affect the heart rates of free-living Zebra Finch embryos in their natural environment. Specifically, we characterize heart rate changes throughout development during incubation and examine: (1) whether heart rate can be used as a proxy for the developmental stage of the egg; (2) how heart rates can be used to evaluate embryonic condition and predict embryonic mortality; (3) how heart rates vary within and between clutches in order to identify potential familial effects on heart rate; and (4) how heart rates are related to external stimuli such as handling and environmental temperatures.
MATERIALS AND METHODS

Fieldwork
We conducted fieldwork at Fowlers Gap Arid Research Station during the main part of the Austral breeding season (August-December) in 2016. We quantified heart rate variation of Zebra Finch embryos from eggs that were laid in nest boxes (further details on nest boxes and the study site are given by Griffith et al. 2008) . Heart rate measurements were taken in a shaded position close to the natal nest box using a Buddy digital egg monitor (Vetronic Services, Abbotskerswell, Devon, UK). Heart rate was determined by placing the egg into a hole in the designated platform of the Buddy egg monitor and leaving it in place for up to~15 s, while the machine measured heart rate. There is no way of calibrating the device, but it generates heart rate data by tracking light absorption changes owing to embryonic blood flow, and is able to detect heart rate as soon as the circulatory system is developed enough (evaluated below).
In the wild, we have previously shown that parent Zebra Finches initiate incubation on the day that the last egg is laid (Gilby et al. 2013) . Consequently, we considered this day to be the first day of embryonic development (although the earliest-laid eggs may start to develop before this, given the high ambient temperatures; Griffith et al. 2016) . We monitored nests daily (when time permitted) to label each egg (with a fine, soft-tipped permanent pen) on the day that it was laid. We gave each egg a unique ID, allowing us both to identify the laying order within a clutch and to temporally follow an individual egg over the course of its development, thus quantifying changes in heart rate throughout embryonic development. We also measured the length and width of each egg with digital calipers.
For the majority of nests, heart rate measures were collected every other day after the~5 th day of embryonic development, which was the average developmental time point when the heart rate became detectable by the heart rate monitor (discussed in detail later). We determined the earliest developmental point at which heart rates could be detected by testing heart rates every day from the day that the last egg was laid for a subset of 39 eggs from 8 different clutches.
On the day of measurement, the entire clutch was removed from the nest and placed in a standardized container, a 'soft-box' filled with cotton wool that shielded the eggs from the sun and wind and reduced the risk of eggs cracking. We used a stopwatch to record the duration that eggs were out of the nest, and also recorded the time of day. We used a noncontact, infrared thermometer with dual laser targeting (Dual-IR Non-Contact Thermometer, Instrument Choice, Adelaide, South Australia, Australia) to measure surface eggshell temperature immediately before the egg was put into the digital egg monitor. We targeted the sharp tip of the egg while it was in the 'softbox' to obtain consistent temperature readings. We also used the noncontact thermometer to measure the ambient temperature inside the nest immediately after the nest box lid was opened. We took 3 temperature readings from 3 different areas within the nest to account for potential differences in the thermal properties of varied materials within the nest. We used the average of these 3 measurements to account for local nest temperature. Daily atmospheric temperature data in the shade (i.e. ambient temperature) were also obtained from the Australian Bureau of Meteorology's automated weather station at Fowlers Gap, located within 20 km of the study site. These ambient air temperatures were found to be significantly positively correlated with the average of 3 eggshell temperature readings taken during the time that the egg spent out of the nest (see Results). Average eggshell temperature was used in linear mixed models to depict more precisely the thermal regime experienced by each egg at the time of measurement.
For each embryo, we attempted to take heart rate measurements approximately every other day throughout development. On each sampling occasion during development, we made 3 repeated measurements of the embryonic heart rate, eggshell temperature, and time spent out of the nest during a single visit to the nest. However, although we took each measurement 3 times, the different eggs in the clutch were measured in a consecutively random order (e.g., in the initial assessment, eggs might have been measured in the order of egg 1, 3, 4, 2, then, for the second measurement, eggs might have been measured in the order of egg 2, 4, 3, 1, and for the third measurement the order was different again). Each egg was kept out of the nest for 3 min while the clutch was measured. These repeated measurements provided more representative depictions of heart rate measures, and allowed us to account for the effect of differences in the exact time spent out of the nest (in seconds) that each egg experienced at the time of measurement.
We assessed how often the heart rate monitor was unable to measure the heart rate of a viable embryo (due to factors such as embryonic movement and wind disturbance). For this analysis, we only included embryos that were expected to have a detectable heart rate. Embryos were expected to have a detectable heart rate if they were more than 6 days through development (see results), and if they did not consistently flatline, indicating that they were dead or infertile.
Using the digital heart rate monitor, we attempted to measure the heart rates of 723 eggs from 140 clutches. Of these 140 clutches, 122 (87%) were viable; that is, the eggs were not abandoned and produced at least 1 living embryo with a detectable heart rate over the course of its development. From these 122 clutches, 518 eggs developed enough to detect at least 1 reliable heart rate reading, and this was our main dataset. For these eggs, the number of repeated measurements across different stages of development varied from 1 to 4; embryonic mortality and embryonic movement (discussed below) restricted the number of repeats over the developmental period for some eggs. In 77 (63%) viable clutches, !1 egg did not hatch and died during embryonic development. For 39 embryos, heart rates gradually declined until death (discussed later), and these anomalous heart rate readings were not included in our analyses. In cases in which handling errors led to embryo death (i.e. force or impact led to lethal eggshell cracks and fractures), heart rate measures taken prior to death were used in our analyses, because there was no reason to presume that these measures reflected any physiological or cardiac abnormalities that contributed to these trauma-related deaths.
Statistical Methods
All analyses were run in R 3.3.1 (R Core Team 2015). Linear mixed models (LMM) were run using package lmer (Bates et al. 2015) with package lmerTest (Kuznetsova et al. 2016) to calculate degrees of freedom and P-values. We modeled the effects of eggshell temperature (8C), time out of the nest (in seconds), embryo age (the proportion of time that an embryo had developed through its total incubation period, which was calculated from each egg's actual laying and hatching dates), clutch size, and time of day on embryonic heart rate, and treated these variables as fixed effects. We also accounted for the effects of egg size (egg length and width in mm) and laying order. We also used an LMM to test the effects of temperature change on heart rate during the time spent out of the nest, and accounted for the effects of egg size and ambient temperature on the rate of egg cooling or warming. We calculated marginal R 2 and intraclass correlation coefficient (ICC) values for all LMM using the method described by Nakagawa and Schielzeth (2013) .
Because eggshell temperature and time of day were moderately correlated (see below), we carried out an analysis to identify which of these 2 variables was most likely to influence heart rate patterns. To do this, we used a subset of heart rate measurements from embryos at the same developmental stage, and ranked all of these measurements from those sampled at the coolest temperatures to those sampled at the hottest temperatures (regardless of time of day). We then divided these rankings evenly into 'cool, ' 'warm, ' and 'hot' groups, and used separate Pearson's correlation tests to see if a relationship between time of day and heart rate persisted when the effects of temperature were mitigated.
RESULTS
Use of the Digital Egg Monitor
To determine the earliest point in development at which the Buddy digital egg monitor could detect a heart rate, we tested for heart rates every day from the day that the last egg in a clutch was laid for a subset of 39 eggs from 8 clutches. The earliest that a heart rate was detected in 7 of these eggs (18% of eggs) was at 25-35% through total incubation (day~3.6), the earliest for 25 of the eggs (64%) was at 35-45% through incubation (day~4.8), and the earliest detected heart rate in 7 (18%) eggs was at 45-50% through the incubation period (day~5.6). Thus, for the majority of eggs, the earliest that a heart rate could be detected was after~4-5 days of development, and for the majority of eggs in this study we did not attempt to measure heart rate before this developmental point in time.
A heart rate reading was considered reliable if it was relatively consistent for~15 consecutive seconds and the output on the instrument showed a consistent and repetitive pulsating line ( Figure 1A ). Unreliable readings often occurred in windy conditions or when the embryo was moving; as well as presenting an unstable curve, the instrument also provided a graphic indicating that movement was affecting the reading ( Figure 1C) . Finally, some embryos (over the age of day 6) were found to have no detectable heart rate, which was indicated by a flat line, suggesting that the embryo had died or never developed ( Figure 1B ). In all cases in which a flat line was observed, the embryo continued to show a flat line in the next testing period, suggesting that live eggs (over the age of day 6) never produced a flat line reading, and that those that did show a flat line reading were indeed dead.
For viable eggs that were .6 days through development (i.e. embryos that were expected to have a heart rate), we attempted to measure heart rates on 3,017 occasions (including repeats within 1 sampling occasion and repeats throughout development). On 2,413 occasions (~81% of all attempts), we were able to obtain a reliable heart rate reading. For each egg, embryonic movement thus prevented the acquisition of a reliable heart rate reading 19% of the time. The probability of detection of movement for more than~15-30 consecutive seconds increased with the time that an egg spent out of the nest. Each egg spent an average of 211 6 3 s SE out of the nest (range: 30-867 s). However, embryos that moved consistently for .30 s spent an average of 278 6 5 s SE out of the nest (range: 30-867 s), compared with an average of 163 6 3 s SE out of the nest (range: 30-774 s) for eggs for which reliable embryonic heart rate readings were made.
Variation in Heart Rate
Daily atmospheric temperatures were found to be significantly positively correlated with eggshell temperatures (Pearson's correlation; r ¼ 0.608, P , 0.001, n ¼ 988). The linear mixed model showed a significant positive relationship between embryonic heart rate and both eggshell temperature and time of day (Figures 2 and 3 , Table 2 .). Eggshell temperature was weakly, but significantly positively, correlated with time of day (estimate ¼ 0.03, t 1607 ¼ 23.0, P , 0.001, R 2 ¼ 0.247), reflecting the tendency for ambient temperatures to peak in the afternoon. Consequently, eggshell temperature and time of day both contributed to the same variation. However, FIGURE 1. Representation of a heart rate monitor screen when detecting (A) a reliable heart rate measure, indicated by a regular undulating line, a relatively consistent number output, a flashing heart symbol, and stationary bird symbol; (B) no heartbeat, indicated by a flat line, a constant heart symbol, and no bird symbol; and (C) an unreliable heart rate reading, indicated by '000 0 or a greatly fluctuating number output, an irregular, erratic line, and a moving bird symbol. FIGURE 2. Illustrative effects of eggshell temperature on Zebra Finch embryonic heart rate. Each point (n ¼ 549) represents the average of the first and second heart rate measure of one Zebra Finch embryo and its corresponding averaged eggshell temperature. Eggshell temperature was significantly positively correlated with heart rate (Pearson's correlation: r ¼ 0.770, P , 0.001).
FIGURE 3. Illustrative effects of the time of day on Zebra Finch embryonic heart rate. Only embryos at 70-90% of full development were subsampled in this graph to control for developmental age. Each point (n ¼ 328) represents the heart rate of one embryo at a certain time of the day. There was a significant positive correlation between embryonic heart rate and time of day (Pearson's correlation: r ¼ 0.582, P , 0.001).
there was no correlation between embryonic heart rate and time of day in the subsets of embryos that were measured at different times of day with similar eggshell temperatures (Pearson's correlations; 'cool temperatures': r 2 ¼ 0.16, P ¼ 0.15, n ¼ 87; 'warm temperatures': r 2 ¼ 0.11, P ¼ 0.30, n ¼ 87; 'hot temperatures': r 2 ¼À0.04, P ¼ 0.73, n ¼ 87). These results suggest that it is the variation in eggshell temperature and not variation in the time of day that is affecting embryonic heart rate. In line with this, eggshell temperature (measured on the surface) was the best predictor of heart rate variation ( Figure 2 , Table 2 ), and heart rate rose by an average of 10.9 bpm for every 18C increase in temperature.
The linear mixed model also showed a positive relationship between embryonic heart rate and the developmental stage of the embryo (Figure 4 , Tables 2 and 3). Heart rates increased throughout development by an average of 21.3 6 3.3 bpm SE per 10% of the total incubation period (range: 8.4-32.1 bpm; Table 3 ). At 90-100% through incubation, average heart rates were found to decline temporarily before rising again at 100% incubation (Table 3) . However, although heart rates differed significantly across each 10% of the incubation period (one-way ANOVA; F 8,440 ¼ 16.43, P , 0.001), Tukey post hoc analyses showed that the mean heart rate at 90-100% incubation was not significantly lower than the mean heart rate at 80-90% incubation (mean difference ¼ À4.41 6 13.05 SE, P ¼ 0.96), and the mean heart rate just prior to hatching was not significantly higher than the mean heart rate at 100% incubation (mean difference ¼ 28.89 6 22.47 SE, P ¼ 0.94).
The average clutch size in this study was 5.7 eggs 6 ,0.1 SE (range: 1-10, n ¼ 140 clutches and 723 eggs), and clutch size was negatively related to embryonic heart rate ( Table 2 ). We also found that the random factor of clutch ID (i.e. different nesting attempts) explained a significant proportion of the variance in the data (ICC ¼ 0.153; Table  2 ), indicating that heart rates varied significantly among clutches ( Figure 5 ). There was no significant relationship between laying order and heart rate (F 6,507 ¼ 1.83, P ¼ 0.09).
Temperatures inside the nest box averaged 31.08C 6 0.48C SE at the time of sampling (range: 14.8-49.58C, n ¼ 702). The average eggshell temperature change during the time that an egg was out of the nest was 1.88C 6 0.18C SE (range: 0-128C); the large degree of cooling or warming of some eggs (reflected by the large range in temperature change) was likely due to incubated eggs being exposed to cold, early-morning ambient temperatures during sampling, and shaded or nonincubated eggs being exposed to the midday heat. However, these extreme temperature changes were to some extent mitigated through the use of TABLE 2. The effects of egg age, temperature, time out of the nest, time of day, and clutch size on Zebra Finch embryonic heart rate. The marginal R 2 is the variance explained by the fixed effects of eggshell temperature, time out of the nest, egg age, and time of day. The conditional R 2 is for the full model. ICC is the intraclass correlation coefficient, and describes how strongly heart rate measurements from the same grouping variable resemble each other (a high ICC value indicates high similarity between heart rates from the same group). Significant P-values are highlighted in bold font. 
. Heart rate changes in relation to developmental time for Zebra Finch embryos. For illustrative purposes, and to compute the linear regression line, we plotted the relationship between heart rate and day of development for 89 embryos for which we had a minimum of 3 repeated heart rate measures from day 5 to day 11 of development. In this subset of the data, R 2 values ranged from À0.735 to 0.961.
The Auk: Ornithological Advances 135:71-82, Q 2018 American Ornithological Society the shaded and incubated 'soft-box' (for example, temperature changes greater than 658C occurred only 0.06% of the time). The ambient temperature at 0900 hours had no significant effect on the rate of egg temperature change during the time spent out of the nest (t 341 ¼ À0.85, P ¼ 0.40, R 2 , 0.001, estimate , 0.001). The mean length of eggs was 14.67 6 1.21 mm SE (range: 10.88-27.00 mm, n ¼ 398), and the mean width of eggs was 10.55 6 0.76 mm SE (range: 7.84-11.62 mm, n ¼ 393); there was no significant relationship between egg size and the rate of eggshell temperature change. A linear model demonstrated that the rate of temperature change during the time spent out of the nest did not significantly affect heart rate (t 339 ¼À0.45, P ¼ 0.65, R 2 , 0.001, estimate ¼À49.25, n ¼ 341; Figure 6 ). Interestingly, however, the model showed that the duration of time that the embryo spent out of the nest was significantly negatively correlated with heart rate (Table 2, Figure 7) , even though there were no relationships between (1) time out of the nest and egg temperature, or (2) heart rate and temperature change during time spent out of the nest (Figure 6 ). Consequently, heart rate changes during the time spent out of the nest seem to have been caused by the duration of time spent out of the nest, rather than cooling or warming effects.
For 37 embryos, heart rates were detected and then declined over a period of subsequent days of measurement until the embryo was found to have no pulse (and presumably had died). Embryonic heart rates declined over a range of 1-4 days until death. For these embryos, heart rates declined at an average of 62.8 6 6.3 SE bpm per FIGURE 5. To graphically illustrate the significant variation in heart rate of Zebra Finch embryos within and among clutches throughout development, we chose clutches in which the embryos were (1) at the same developmental age (70-90% through incubation), and (2) measured under similar temperature regimes (average temperature at time of measuring ¼ 15.98C 6 0.18C SE; range ¼ 13.7-17.58C). Each box and whisker plot represents within-clutch variation at one point in development. Between-clutch variation can be examined by comparing the different plots.
The Auk: Ornithological Advances 135:71-82, Q 2018 American Ornithological Society day (range: 4.5-177.0 bpm). In 28% of these cases, embryonic heart rate declined to death in just 1 day at an average rate of 82.1 bpm per day; in 25% of cases, it declined over 2 days at an average rate of 76.2 bpm per day; in 33% of cases it declined across 3 days at an average rate of 53.4 bpm per day; and in 14% of cases it declined over 4 days at an average rate of 49.1 bpm per day. Overall, the average heart rate dropped by 139.5 bpm from the start of a detectable heart rate decline to death. The lowest heart rate that we detected was 31 bpm, and this was on the third (and final) day of decline of an embryo 9 days through development, which subsequently died. The average eggshell temperature that we measured for eggs that did not hatch due to natural reasons was 27.38C 6 0.48C SE (range: 13.0-46.78C), compared with 28.18C 6 0.28C SE (range: 10.6-46.18C) for eggs that did hatch, and this difference was significant (one-way ANOVA; F 1,1290 ¼ 6.56, P ¼ 0.01).
DISCUSSION
Here, we have demonstrated the overall effectiveness of the Buddy digital heart rate monitor for measuring the embryonic heart rate of a large number of eggs in a natural context. Eggshell temperature was found to have the strongest influence on heart rate of all biotic and abiotic variables. We identified a strong positive relationship between egg temperature and embryonic heart rate. This result corresponds with observations from other studies (Ar and Tazawa 1999 , Du et al. 2010b , Noiva et al. 2014 . The use of the heart rate monitor to measure embryonic heart rates under different thermal regimes may provide FIGURE 6. Embryonic heart rate change with a short-term change in eggshell temperature (n ¼ 560) during a period of time that a Zebra Finch egg was out of the nest. There was no significant relationship between temperature change and embryonic heart rate (Pearson's correlation: r ¼ 0.013, P ¼ 0.764).
FIGURE 7. Heart rate change of Zebra Finch embryos during a period of time that an egg was out of the nest (n ¼ 547). Each point represents the change in heart rate between an initial reading and a second reading taken after a period of time out of the nest. There was a significant negative correlation between time out of the nest and change in heart rate (Pearson's correlation: r ¼ À0.368, P , 0.001).
The Auk: Ornithological Advances 135:71-82, Q 2018 American Ornithological Society insights into the physiological mechanisms behind some prenatal acclimation and adaptive strategies (e.g., incubation duration; Oppenheim and Levin 1975 , Du and Shine 2015 , Griffith et al. 2016 . We also identified slightly, but significantly, higher eggshell temperatures for eggs that hatched compared with those that did not. As such, the heart rate monitor could also be used to examine whether tolerance of thermal extremes during incubation is linked to embryonic heart rate acclimation (Wada et al. 2015 , Griffith et al. 2016 , Vostarek et al. 2016 ).
We found a positive relationship between heart rate and time of day. However, temperature and time of day were significantly positively correlated, and heart rate changes throughout the day were not apparent when compared across measurements taken at similar temperatures. Consequently, temperature fluctuations throughout the day (i.e. the tendency for ambient temperature to peak at 1200-1500 hours) were likely responsible for the daily heart rate trends. In line with this, there is no clear evidence that embryonic heart rates follow any circadian rhythm (Nichelmann et al. 1999) . Thus, the need to restrict heart rate sampling to a constant time of day to avoid sampling bias does not seem necessary. However, limiting sampling to the early morning period (e.g., 0600-1100 hours) could be beneficial to reduce the confounding effects of high ambient temperatures (although the effects of cold temperatures might need to be explored in cold climates).
We detected a negative relationship between heart rate and the time that an egg spent out of the nest. Eggs spent an average of 163 s out of the nest, and this was enough time for embryonic heart rate to drop significantly. We initially hypothesized that temperature changes during the time spent out of the nest caused the heart rate changes; however, short-term temperature changes of eggs were minimal (the average change was 1.78C) and not related to heart rate changes (e.g., in some situations heart rates declined even if temperatures increased). Alternatively, a reduction in heart rate following the removal of an egg from the nest may be linked with embryonic awareness of a change in its environment. A reduction in heart rate is considered to be a physiological mechanism for orientation and an indicator of attention (Hauber et al. 2001 , Kisilevsky et al. 2003 , Wetzel et al. 2006 , and several studies have already used the heart rate monitor to identify a reduction in avian embryonic heart rate following exposure to conspecific song (Colombelli-Négrel et al. 2012 , 2014 . Further research into the decline of embryonic heart rate with time away from the natal nest could contribute to theories about embryonic awareness of the environment. Future studies should measure each embryo's heart rate more than once (as in the present study) to attain an average heart rate over different time periods out of the nest.
Similarly to previous research carried out on the developmental heart rate patterns of embryos, we found a positive relationship between heart rate and the developmental age of an embryo (Pearson et al. 1999 , Chen et al. 2016a . Heart rates were found to steadily increase throughout development until 80-90% through incubation. After this point, they appeared to decline a little (but not significantly), in line with a similar pattern found for chicken embryos (Lierz et al. 2006) , which may be related to physiological changes prior to and during hatching activities (Andrewartha et al. 2011) . The use of the heart rate to estimate developmental stage may therefore be more complex in the final stages of incubation. Furthermore, within-individual variation in heart rate was found to be high over the course of development, with heart rate often reflecting eggshell temperature more than developmental stage. Consequently, at least for the Zebra Finch, accurate estimation of embryonic age is not likely to be possible using the heart rate monitor in variable conditions due to the effects of temperature and natural, familial variation in heart rate between different clutches. Nonetheless, heart rate measures can provide a rough estimation of embryonic age, at least allowing distinctions to be made between embryos in the very early stages of incubation or embryos that are not alive (for which no heart rate will be detected) and eggs in more developed stages. It is possible that the relationship between heart rate and developmental stage may be clearer in other species, and it is worth noting that the Zebra Finch has one of the shortest incubation periods of all birds.
By tracking heart rate throughout development, we were able to use the digital egg monitor to detect embryonic mortality in some clutches, and this could be useful for the study of egg failure and parental care. We detected a steady decrease until mortality in the heart rates of some embryos in a terminal condition. Further research could potentially establish signature heart rate patterns related to mortality, and, if necessary, once that pattern has been described, it could be used to reduce the risk of mortality (e.g., by altering incubation parameters).
We identified significant between-clutch variation in heart rate (i.e. some clutches had consistently relatively low heart rates and others had comparatively high heart rates throughout development), and while there was some variation in the heart rate of different embryos within a clutch, this was not explained by egg size (a result similar to that observed in the Barn Swallow [Hirundo rustica]; Chen et al. 2016a) or the order in which eggs were laid. The latter observation is interesting, given that in this species, and indeed within this same population, females differentially allocate resources to eggs across the laying order . The significant effect of nest identity is consistent with paternal or maternal effects, which may come from intrinsic properties of the egg or from aspects of the shared environment (the latter may be considered a parental effect, as the parents provide and shape the nest environment). It would be useful for future studies to determine whether this interclutch variation in heart rate is largely determined by female investment in egg contents (such as the level of testosterone, for example), is driven by parental incubation behavior, or is largely genetically determined. The maintenance of similar heart rates within a clutch may have implications for developmental and hatching synchrony (Schwagmeyer et al. 1991 , Gilby et al. 2011 , Spencer 2012 . The heart rate monitor could be used to investigate whether heart rate synchrony predicts hatching synchrony (i.e. whether more advanced eggs compensate for less advanced eggs by reducing their heart rates, and vice versa; Spencer et al. 2001 , McGlashan et al. 2015 . We found that the egg monitor could not detect reliable heart rate readings for highly motile embryos, and this shortcoming was also noted by Pollard et al. (2016) . We found that embryonic movement was more likely to hinder the detection of reliable heart rates the longer the egg was out of the natural nest. Consequently, limitations on the amount of time that an egg spends out of the nest (,3 min) would likely increase the acquisition of reliable results. Sartori et al. (2015a) showed that the infrared light source from the digital egg monitor significantly heated embryos over a 1-hr period; however, this limitation will only be significant if heart rate measurements are required to be recorded constantly for a period of time. We found that reliable 'oneoff' heart rate measurements could be attained in ,15 s, and repeats of these one-off measurements could be gathered to build up a heart rate profile for an individual, which would likely capture heart rate responses to different environmental and developmental contexts. Repeated heart rate measurements (rather than consistent measurements with the monitor) would also be useful for studies wishing to investigate embryonic heart rate in a natural environment.
In summary, we found that the Buddy digital egg monitor was a very effective piece of equipment that enabled us to conduct a study of a relatively large sample of eggs in one of the more extreme environments in which fieldwork can be conducted, given the heat and dust and the fact that we transported the machine over rough terrain in a vehicle and on foot. This monitor enabled us to gain insights into the effects of ambient heat on embryonic heart rate, to identify some relatively strong interfamilial differences in heart rate, and to identify the decline and eventual mortality of a number of embryos early in development (something that normally wouldn't be identified until after they eventually failed to hatch). Previous studies (Colombelli-Négrel et al. 2012 , 2014 have also used this machine to demonstrate acoustic cognition of embryos in the last few days of development, which is remarkable and opens up many exciting research possibilities with respect to parent-embryo communication, and potentially also sibling communication within the clutch. In conclusion, we feel that the research possibilities for this monitor are only just beginning to be explored and that it will provide novel insights into an interesting and relatively poorly studied part of the avian life history.
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